TAP (tandem affinity purification)
TAP is a methodology developed to purify protein complexes under native conditions [1, 2] . It involves fusion of the TAP tag to the target protein, which is introduced into the host cell or organism as a bait to trap endogenous interacting partners. The TAP tag, which is composed of two affinity modules, allows the target protein along with its binding partners to be isolated in two consecutive purification steps. This sequential purification ensures highly specific isolation with low background, which simplifies the subsequent identification and validation of proteins copurified with the target. In addition, the TAP tag allows the protein complex to be eluted under mild conditions, which favour the maintenance of complex integrity and the native conformations of protein components, facilitating downstream composition and functional analyses. TAP has proved to be superior to the yeast two-hybrid approach because of its higher sensitivities, lower error rates and the ability to disclose multi-component interactions. Although the TAP method was initially developed in yeast, it has been successfully adapted to various cells and organisms [3] [4] [5] [6] . TAP followed by MS analysis has become a standard approach for identification and characterization of protein complexes [7] , and has allowed the systematic study of protein assemblies on a genome-wide scale [8] .
As its name implies, TAP is a dual-affinity approach, a common practice that was used up to 10 years before the development of TAP. Although the original dual-affinity system employed sequential purification as in TAP, it was developed for a different purpose [9] . Heterologous proteins expressed in a bacterial host may suffer proteolytic degradation and incomplete translation, resulting in nonfull-length products. Separation of the intact protein from the undesired fragments can be cumbersome and timeconsuming. To overcome this, Hammarberg et al. [10] developed the dual-affinity approach. Instead of using a single-affinity tag, they fused two different tags to the target protein, one at each end. This design allowed the target protein to be purified 'from both ends' and ensured that only the full-length protein was recovered after two successive affinity chromatography steps. The dual-affinity approach has proved useful for expression and purification of proteins that are susceptible to proteolysis [11] [12] [13] [14] . In addition to flanking dual-affinity tags, an N-terminal multipartite tag consisting of multiple affinity domains has been described to improve the flexibility of binding and elution, and to allow a multitude of purification and detection assays [15] . In particular, Cocca et al. [16] developed a tandem affinity tag for sequential purification of recombinant antibodies Y. Li expressed in Escherichia coli and showed that the second purification step removed most of the contaminants that had not been removed by a single-step purification. The paper published by Pathak and Imperiali in 1997 [17] is probably the first report to use dual-affinity purification for the isolation of a protein complex. Using FLAGHis-tagged oligosaccharyl transferase Nlt1p subunit as the bait protein, the authors purified the other four subunits of the enzyme from yeast. However, TAP, as a generic method for protein-complex characterization and proteome exploration, was developed by Séraphin and co-workers [1] . In their pioneering work, they constructed a fusion cassette containing two IgG-binding units (double Z domain) of ProtA (Protein A of Staphylococcus aureus) and the CBP (calmodulin-binding peptide), which they named the TAP tag, and showed that the TAP tag allowed rapid purification of target-associated protein complexes under native conditions [1] . As the TAP technique has been widely exploited, a number of alternative TAP tags have been developed and proved effective in isolating protein complexes. The present review gives an overview of various tag combinations that have been used for TAP and will start with a brief review of some of the most commonly used affinity tags for protein purification.
Commonly used affinity tags
Affinity tagging enables rapid purification of diverse proteins using generalized protocols. The first use of an affinity tag for protein purification was reported by Uhlén et al. in 1983 [18] . In that original invention, the affinity tag, which was based on ProtA, allowed the fused protein to be purified by a one-step IgG-affinity chromatography. Since then, a variety of tags employing different modes of affinity interactions have been developed and affinity-based separation methods have proved to be the most efficient approaches for capturing recombinant proteins. A selection of some commonly used affinity tags, together with their respective affinity matrices and elution strategies, are listed in Table 1 . Based on their sizes, affinity tags can be divided into small peptides and large peptides/proteins. Tags such as FLAG, HA (haemagglutinin), Myc and V5 are examples of short peptide tags. These peptide epitopes are recognized by tag-specific antibodies. For all commonly used epitope tags, antibody resins for immunoaffinity purification and immunodetection of the tagged proteins are commercially available. An advantage of small peptide tags is that they are less likely to disrupt the structure or interfere with the function of the target protein. GST (glutathione transferase) and MBP (maltose-binding protein) are examples of large protein tags, and they have a dual role. In addition to serving as affinity tags, they serve as fusion partners that enhance the solubility and/or promote the proper folding of the tagged proteins [19] . Affinity tags differ in specificity, solubility and conditions for binding and elution. Moreover, different tags vary significantly in their effectiveness of purification and associated costs [20] . As many have pointed out, none of these tags is ideal from every standpoint. A particular tag can be a good or bad choice depending on the application. Properties of the target protein itself (e.g. stability and solubility), production scale and desired purity are the major factors that need to be considered when choosing an affinity tag for a particular project. Usually, the most appropriate tag can only be determined on an empirical basis. Among the commonly used tags, GST and MBP are rarely employed for TAP because of their large size. In the following sections, several small tags that have been used to construct various TAP tags are briefly introduced. Comprehensive reviews of individual affinity tags can be found elsewhere [21] [22] [23] .
ProtA and Z domain
ProtA is a bacterial protein that specifically binds to the Fc portion of immunoglobulins [24] . Based on the IgG-binding property of ProtA, Uhlén et al. [18] developed the first gene-fusion approach for affinity purification of recombinant proteins. The Z domain is a synthetic IgG-binding fragment based on the B domain of ProtA [25] . It has a molecular mass of 7 kDa, which is about one-fifth the size of ProtA. Since its development, this Z domain, in single or double form, has replaced the full-length protein as an affinity handle in most cases [1, 26, 27] . A disadvantage of the ProtA-based system is that elution of the fusion requires denaturing conditions at low pH [28] .
CBP
The CBP is a 26-amino-acid peptide derived from the C-terminus of rabbit skeletal-muscle myosin light-chain kinase [29] . It binds to calmodulin in a calcium-dependent manner, and hence the addition of chelating agents, such as EGTA, allows elution of the tagged protein. Both binding and elution can be carried out under moderate conditions. The CBP was used in conjunction with the double Z domain to construct the original TAP tag [1] . However, when used in mammalian cells, its specificity might be compromised due to the existence of many endogenous calmodulin-binding proteins in these cells.
His tag
The His tag is the most commonly used affinity tag for protein purification. It binds to metal ions, allowing the tagged protein to be purified by IMAC (immobilized metal affinity chromatography). Commonly used IMAC resins [e.g. Ni-NTA (Ni 2+ -nitrilotriacetate) agarose from Qiagen, Valencia, CA, U.S.A., and TALON ® resin from Clontech Laboratories, Mountain View, CA, U.S.A.] have a high binding capacity (i.e. >5 mg of His-tagged protein per ml of resin). In addition, these resins are relatively inexpensive and can be regenerated. The His tag has several advantages. First, its small size makes it less likely to interfere with the structure or activity of the target protein. Secondly, it works under both native and denaturing conditions. Thirdly, elution can be accomplished under mild conditions by adding imidazole as a competitor. Non-specific binding of endogenous histidinecontaining proteins can be reduced by washing with a low concentration of imidazole (e.g. 5-10 mM). It is worthwhile to point out that strong reducing and chelating agents can compromise IMAC purification, as they will reduce and strip the immobilized metal ions. According to the user's manual, Ni-NTA and TALON ® resins allow 2-mercaptoethanol to be used at concentrations of up to 20 and 10 mM respectively. Whereas the Ni 2+ resin can withstand up to 10 mM DTT (dithiothreitol), the TALON ® cobalt resin is incompatible with DTT and DTE (dithioerythritol) at any concentration.
Epitope tags
Epitope tags are short peptides that can be recognized by readily available tag-specific antibodies. Thus tagged proteins can be purified using immunoaffinity chromatography on immobilized monoclonal antibodies. The FLAG tag was the first epitope tag [30] . Other epitope tags subsequently developed include the HA tag, the Myc tag and the V5 tag, to name a few. Similar to the His tag, these small epitope tags generally do not interfere with protein folding or function. Among them, Myc is mainly used for detection rather than purification [22] . Epitope-tagged proteins can be eluted with an excess of the corresponding peptide and several rounds of elution may be needed for maximum recovery. Alternatively, elution can be achieved using denaturing conditions (e.g. low pH). A disadvantage of antibody-based purification is its relatively high cost.
Strep II and SBP (streptavidin-binding peptide)
The Strep II tag is an 8-amino-acid peptide that is capable of binding to streptavidin [31] . It overcomes the restriction associated with the original Strep tag that required the tag to be on the C-terminus of the target protein. The Strep II tag can be fused to either end of the target or placed within the protein sequence. In addition, it binds with enhanced affinity to a streptavidin mutant termed StrepTactin [32] . Fusion proteins can be eluted with biotin derivatives under gentle conditions. StrepTactin-Sepharose (GE Healthcare, Pittsburgh, PA, U.S.A.) can be regenerated with 0.5 M NaOH. Avidin, which has no affinity toward the Strep II tag, can be added to the extraction buffer to suppress co-purification of biotinylated proteins [33] . Witte et al. [34] more recently showed that the Strep II tag allowed one-step isolation of target protein from plant material to the same degree of purity as achieved by TAP. The SBP tag, consisting of 38 residues, is selected using mRNA display technology [35] . Compared with Strep II, it has a substantially stronger binding to streptavidin. Despite its high affinity, SBP-tagged protein can be eluted under mild conditions (e.g. 2 mM biotin).
S-peptide
The S-peptide is 15 amino acids in length and exhibits high-affinity interaction with S-protein. Both the carrier and the ligand are derived from RNase A [36, 37] . S-peptide is highly soluble and bears little net charge at neutral pH. It is unlikely for the peptide to interfere with the proper folding or function of the target protein. Elution of the S-peptide requires harsh conditions (e.g. 3 M guanidinium thiocyanate or 0.2 M potassium citrate buffer, pH 2) [37] . If purification under native conditions is preferred, fusion proteins bound to the matrix can be released by enzymatic cleavage at an engineered recognition site between the tag and the target.
CBD (chitin-binding domain)
The CBD is derived from the C-terminal region of Bacillus circulans chitinase A1 and consists of 51 amino acids. It binds tightly to chitin substrate and elution requires harsh denaturing conditions. Consequently, the CBD is typically used in conjunction with self-splicing inteins [38] . More recently, a modified CBD that is capable of reverse binding under native conditions has been developed [39] . The CBD was one of the several candidate tags tested during the development of the original TAP tag [1] .
Practical tag combinations for TAP
In theory, the TAP strategy can make use of any two affinity tags. In practice, however, certain factors may limit the number of possible combinations. For example, when sequential purification with the Ni 2+ resin and the calmodulin resin was attempted, it was found that in either order the elution buffer for the first purification was incompatible with binding to the second resin [40] . Although buffer exchange can be performed to remedy this problem, it not only introduces an extra step but may also cause significant loss of yield. Nevertheless, a number of TAP tags, using different combinations of single-affinity tags, have been developed (Table 2 ). In these TAP-tag variants, His tag, FLAG, HA, SBP and Strep II tag are frequently used in place of ProtA and/or CBP (Figure 1 ). The original TAP tag and its various modified versions are briefly discussed in the following sections.
Original TAP tag
The classical TAP tag consists of two IgG-binding units of ProtA and the CBP, separated by a TEV (tobacco etch virus) protease cleavage site. ProtA and CBP were chosen because it was found that among all the tags originally tested, which also included the FLAG tag, the Strep tag, the His tag and the CBD, only these two tags allowed efficient recovery (approx. 80 % for ProtA and 50 % for CBP) of the fusion protein. Both C-and N-terminal tags have been described and in either case the CBP is adjacent to the protein of interest, whereas the ProtA module is located at the extreme terminus of the fusion. An antibody against the TAP tag for fusion-protein detection is commercially available (e.g. Open Biosystems, Huntsville, AL, U.S.A.). Sequential purification of the target protein and its interacting partners is carried out using an IgG matrix and a calmodulin resin respectively. It has been estimated that the overall yield of this approach is approx. 20-30 % of the starting material [41] . When applied to yeast, the two purification steps can be performed in either order.
However, using the streptavidin resin after the calmodulin resin will leave the final purified fraction contaminated with TEV protease [2] . Using the calmodulin resin first is not recommended for purification of protein complexes from mammalian cells owing to the existence of many endogenous calmodulin-binding proteins in these cells. The reason that a TEV cleavage site is needed is that ProtA can only be released from matrix-bound IgG under denaturing conditions and this site allows proteolytic release of the bound material under native conditions. TEV protease is highly specific and very few cellular proteins contain its recognition sequence. Therefore cleavage of the target or its associated proteins by this enzyme is expected to be rare. TAP tags harbouring two TEV cleavage sites have been shown to allow more efficient cleavage and thus higher recovery of the IgG-bound protein complexes [42] .
Despite its strength, the original TAP tag has limitations and shortcomings. For example, when the standard TAP tag is applied to higher eukaryotes, the recovery of the fusion is found to be much lower than that in yeast (i.e. 1 % in mammalian and insect cells compared with 20-30 % in yeast) [43 -47] . As mammalian and insect cells cannot grow to the same density as yeast, in many cases the protein yield is not sufficient for subsequent MS-based identification, which limits the use of the TAP method in such systems. In particular, the calmodulin affinity chromatography step has proved to be inefficient [46, 47] . As mentioned previously, there are a considerable number of endogenous proteins in mammalian cells that bind to calmodulin with high affinity. In addition, endogenous calmodulin could bind to the CBP moiety and prevent its binding to the calmodulin resin [2, 46] . Both instances interfere with binding of the target and probably contribute to poor recovery. Besides a low efficiency, the chelating agent (e.g. EGTA) used for CBP elution may affect certain cation-dependent proteins or interfere with downstream functional analysis. In addition to the disadvantages regarding the use of the CBP, the relatively large size of the original TAP tag (∼ 20 kDa) is considered to be a drawback, as it increases the chance that the tag will interfere with the target protein. In fact, Gavin et al. [8] found that 18 % of C-terminal tagged essential yeast proteins gave rise to non-viable strains, suggesting that the tag impairs protein function. In another study, the expression level of a ProtA-CBP-tagged protein was found to be significantly lower than that of the same protein fused to a smaller tag, further indicating that the conventional TAP tag may have a negative effect on protein stability owing to its large size [48] .
TAP tags with CBP replaced
As the CBP in the original TAP tag imposes certain disadvantages, it has been substituted in several modified [126, 127] *ProtA and His tag are used for affinity purification. ‡The original TAP tag is fused to one end of the target protein and the biotinylation tag is attached to the other end. The CBP is present, but not used. §Initial purification is done with either a calmodulin or a Ni 2+ resin, and the second purification is achieved by immunoprecipitation. CBP and His tag are used for affinity purification. Because the buffers for calmodulin and IMAC are incompatible, buffer exchange is needed between the two purifications. **Certain constructs do not contain the TEV protease cleavage site, as the initial binding can be released under mild conditions. †Thrombin-mediated cleavage is used for tag removal rather than for protein elution. ¶HA and Myc epitopes are used for affinity purification. † †This is the N-terminal tag. The C-terminal tag consists of GFP and the His tag, separated by two PreScission protease cleavage sites.
versions with other affinity tags such as S-peptide [49] [50] [51] , FLAG [52, 53] , His tag [54 -58] , biotinylation peptide [43] , ProtC (Protein C epitope) [46, 47, [59] [60] [61] [62] [63] , SBP [44, 64, 65] , triple HA [66, 67] or Strep II [68] . Except for biotinylation peptide and ProtC, all other substitutes have been introduced in the earlier sections. The biotinylation tag is a 15-amino-acid sequence that can be specifically biotinylated by E. coli biotin holoenzyme synthetase. Therefore, when the tag is used in mammalian cells, the target cell needs to be co-transfected with the BirA gene, which encodes the biotin holoenzyme synthetase. Biotin enzymatically added to the tag allows the target protein to be purified using avidin resin. Biotin and avidin bind with a dissociation constant of approx. 10 −15 M, making it one of the Y. Li Figure 1 The relative popularity of individual affinity tags as a handle in non-traditional TAP tags
The calculation is based on the 40 non-traditional TAP tags in Table 2 .
strongest non-covalent interactions. Tagged protein can be eluted using free biotin or 0.1 M glycine (pH 2.8). ProtC is a 12-amino-acid peptide derived from human Protein C. ProtC-tagged protein binds with high affinity to anti-Protein-C antibody in the presence of calcium and elution can be achieved with either Protein C peptide or chelating agents.
In the TAP-tag variant where CBP is replaced by SBP, ProtA is actually replaced with two IgG-binding units of Protein G from Streptococcus spp. However, since Protein G is an immunoglobulin-binding protein that is similar to ProtA but has slightly higher affinity, this GS (Protein G-SBP) tag is included in this group. The GS tag is optimized for use in mammalian cells. Compared with the original TAP tag, use of the GS tag resulted in a 10-fold increase in protein yield and higher specificity, allowing successful purification and identification of the protein complex from only 5 × 10 7 HEK-293 cells (human embryonic kidney cells) [44] . Consistent with its superior performance in mammalian cells, the GS tag has been shown to outperform the original TAP tag with respect to both yield and specificity in insects and plants [64, 65] . Because the ProtA (Protein G in the case of the GS tag) moiety is maintained in this group of TAPtag variants, proteolytic elution is required to release the protein complex from the IgG matrix.
TAP tags with ProtA replaced
In several modified TAP tags, the CBP is maintained, whereas the ProtA moiety is replaced by HA [40] , His tag [69] , FLAG [70] [71] [72] [73] [74] [75] or SBP [76, 77] . In particular, Stratagene (La Jolla, CA, U.S.A.) has patented the use of the CBP-SBP tandem tag and created the commercial InterPlay TM mammalian TAP system based on it [78] . The major advantage of this system as claimed by the manufacturer is that it supports a purification protocol without the need for a proteolytic enzyme, as both tags can be eluted from their respective resins with gentle washing. It is noteworthy that when this system is utilized to isolate protein complexes from mammalian cells the order in which the two purification steps are performed is critical for the results. If the calmodulin resin is used first, many endogenous calmodulin-binding proteins other than the tagged target will also bind, adding burdens to the second purification. Therefore it is highly recommended to purify the protein complex using the streptavidin resin first. Stratagene provides expression vectors that facilitate both N-and C-terminal tagging. A purification kit containing the corresponding affinity resins and required buffers is also available. As the only commercially available TAP-tagging system, Stratagene's CBP-SBP tandem tag has been used to isolate various protein complexes [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] . However, the overall recovery rate of this tag is absent from most studies. Considering the fact that a high positive charge is critical for CBP binding and approx. 20 % of the residues in SBP are negatively charged, a concern would be that the uncleaved SBP may interfere with CBP binding and therefore worsen this already problematic purification step.
Polyhistidine-containing TAP tags
Besides being used in ProtA-His and CBP-His to replace CBP and ProtA respectively, the polyhistidine tag has been used in combination with various other affinity tags, including HA [40, 91, 92] , FLAG [45, [93] [94] [95] [96] , Myc [97, 98] , S-peptide [99] [100] [101] , V5 [102] , calmodulin [103] , Strep II [104] , ProtC [105] and SBP [106] . Except for one case in which the 19-amino-acid HAT (histidine-affinity tag) was used [95] , all polyhistidine sequences contain 6-10 histidine residues. A unique polyhistidine-containing TAP tag worth further mention is the HB (histidine and biotin) tag, which consists of one or two hexahistidine sequences and a peptide serving as an in vivo biotinylation signal [107] [108] [109] [110] . The biotinylation signal peptide is a 75-amino-acid sequence containing a specific lysine residue that can be efficiently biotinylated in yeast and mammalian cells by endogenous biotin ligase. The HB tag was original developed to allow cross-linked protein complexes to be purified sequentially by Ni 2+ resin and streptavidin resin under fully denaturing conditions (e.g. 8 M urea) [107, 108] . However, this tag can also be used for purification of protein complexes under native conditions [109] . Similarly to the HB tag, hexahistidine-tagged ubiquitin has been used to isolate ubiquitylated proteins in yeast and plants using a combination of ubiquitin-affinity and IMAC [111, 112] . In most cases, polyhistidine-containing TAP tags are considerably smaller than the original TAP tag and usually do not contain a TEV site because competitive elution is applicable to all tags except for the S-peptide. For all polyhistidine-containing TAP tags, chelating and reducing agents need to be used with caution.
Other TAP tags
In addition to the above-mentioned TAP tags, several other tag combinations have also been developed. Fodor et al. [113] used the FLAG-Strep II combination to isolate protein complexes from bacteria. A slightly modified version containing two copies of Strep II instead of one was also developed to purify protein complexes from mammalian cells [48, 114, 115] . Since both FLAG and Strep II tags can be eluted by competition, proteolytic cleavage is not required to release the bound protein complex. Another advantage of this tag combination is that the entire purification can be performed in only one buffer system [48] . Recently, two tandem tags that are similar to FLAGStrep II were developed, in which the FLAG and Strep II tags were replaced by an S-peptide and biotinylation signal respectively [116, 117] . In 2004, Ye et al. [118, 119] reported the use of a FLAG-double-HA tag to purify protein complexes from HeLa cells. Recently, Sigma-Aldrich (St Louis, MO, U.S.A.) filed a patent application covering the use of FLAG-HA for TAP [120] . The company provides a commercial kit that allows rapid generation of N-terminal FLAG-HA fusion proteins. A purification kit containing the anti-FLAG M2 and the anti-HA affinity resins is also available from the same company. The small size and non-eukaryotic nature of the FLAG-HA tandem tag will probably minimize its interference with complex assembly or protein functions. Similar to the FLAG-Strep II tagging system, the FLAG-HA combination eliminates the need for TEV protease for elution. Other small TAP tags that allow tandem immunoaffinity purification include the HAMyc tag [121] and the Myc-FLAG tag [122, 123] . Very recently, two other TAP tags have been developed. Qi and Katagiri [124] utilized HA and an 80-amino-acid biotinylation signal peptide and demonstrated that this tag is suitable for the purification of low-abundance membrane-protein complexes in plants. On the other hand, Glatter et al. [125] used HA and the SBP and showed that purification using this tag allows 30-40 % of the bait protein present in the cell lysate to be recovered. In addition to these singlepurpose tags, Cheeseman and Desai [126] developed a dualfunctional TAP tag that contains GFP (green fluorescent protein) coupled to either S-peptide (N-terminal tag) or His tag (C-terminal tag). GFP is used as the first purification tag and allows the fusion protein to be purified using antibodies against it. This GFP-containing TAP tag facilitates both affinity purification and protein localization. It has been successfully applied to the purification and identification of BBS4 (Bardet-Biedl syndrome type 4)-associated proteins [127] .
Conclusions
The key advantage of TAP compared with singlestep purification is the highly improved sample purity. The two sequential purifications enabled by the dualaffinity tag significantly reduce non-specific background and hence sample complexity, which in turn greatly reduces the amount of work needed for identification and validation of the isolated proteins as true interacting partners.
Despite its application in other cells or organisms, the original TAP tag is predominantly used in yeast (Figure 2 ). Its 20-30 % overall recovery in yeast cells allows a sufficient amount of protein complexes for subunit identification by MS to be purified from 2 litres of culture in most cases [128] , although sometimes more starting material is required. However, when applied in mammalian and insect cells, the original TAP tag suffers from low yields [43] [44] [45] [46] [47] . Bürckstümmer et al. [44] claimed that their GS tag was 10 times more efficient than the original TAP tag in bait recovery and retrieved approx. 5 % of the bait present in the cell lysate, implying that the overall recovery of the original tag is less than 1 % in mammalian cells. Similar low recovery rate (i.e. 1 %) of the original TAP tag has also been reported in insect cells [45] . The original TAP typically requires 5 × 10 8 -1 × 10 9 mammalian cells (i.e. ∼ 50-100 15-cm-diameter culture dishes), the cultivation and handling of which can be labour-intensive and costly. To address this issue, many alternative TAP tags have been developed to improve protein yields. Whereas the application of Y. Li Figure 2 The relative applicability of traditional and non-traditional TAP tags Individual cases were found through an extensive literature search and only those in which both purification steps were employed to fully purify protein complexes were counted. The specific number is probably not accurate, but it nevertheless gives a rough idea of the relative applicability of the original TAP tag and its modified versions towards various cells and organisms.
the traditional TAP tag outnumbers that of the nontraditional tags in every system, the newly developed TAP tags are predominantly used in mammalian cells (Table 2 and Figure 2 ).
Several non-traditional TAP tags have shown improved protein recovery or provide unique features. For example, in addition to the GS tag, the FLAG-His combination allows purification from Drosophila tissues with a 10-20 % recovery, which is approx. 10-40 fold higher than that of the original TAP tag [45] . Recently, Glatter et al. [125] reported that the SBP-HA dual-affinity tag retrieves 30-40 % of various bait proteins from mammalian cell lysates, making it one of the most efficient tag combinations for mammalian cells. Whereas most TAP tags are designed to facilitate mild binding and elution in favour of the preservation of proteincomplex integrity, the HB tag was specifically developed to allow purification under fully denaturing conditions [107, 108] . As a trade-off for high sample purity, weak and transient interactions are typically lost during standard TAP procedures. In vivo cross-linking prior to TAP is a commonly used strategy to capture weakly and transiently interacting proteins, and purification under denaturing conditions can substantially reduce cross-linking-introduced non-specific background [108] .
As summarized in Table 2 , various TAP tags have been developed by different laboratories. All of these tags have proved successful at isolating at least one protein complex. However, except for a few cases, the recovery rate of the specific TAP tag being used was not provided and a systematic comparison of different TAP tags is generally lacking. Nevertheless, the available results suggest that ProtA/Protein G, His tag, FLAG, HA, SBP and Strep II tag are good candidates for TAP-tag components, and it is likely that a reasonable combination of two of them will result in a TAP tag that is more efficient than the original one in systems other than yeast. To reduce the numbers of tags in use and make the method more efficient and generic, a systematic study in the future is necessary to find the best TAP tags, which yield more protein and cost less.
